Aim: Edaravone (3-methyl-1-phenyl-2-pyrazolin-5-one) is a free radical scavenger that has shown potent antioxidant, anti-inflammatory and neuroprotective effects in variety of disease models. In this study, we investigated whether edaravone produced neuroprotective actions in an infant mouse model of pneumococcal meningitis. Methods: C57BL/6 mice were infected on postnatal d 11 by intracisternal injection of a certain inoculum of Streptococcus pneumoniae. The mice received intracisternal injection of 10 μL of saline containing edaravone (3 mg/kg) once a day for 7 d. The severity of pneumococcal meningitis was assessed with a clinical score. In mice with severe meningitis, the survival rate from the time of infection to d 8 after infection was analyzed using Kaplan-Meier curves. In mice with mild meningitis, the CSF inflammation and cytokine levels in the hippocampus were analyzed d 7 after infection, and the clinical neurological deficit score was evaluated using a neurological scoring system d 14 after infection. The nuclear factor (erythroid-derived 2)-like 2 knockout (Nrf2 KO) mice and heme oxygenase-1 knockout (HO-1 KO) mice were used to confirm the involvement of Nrf2/HO-1 pathway in the neuroprotective actions of edaravone. Results: In mice with severe meningitis, edaravone treatment significantly increased the survival rate (76.4%) compared with the meningitis model group (32.2%). In mice with mild meningitis, edaravone treatment significantly decreased the number of leukocytes and TNF-α levels in CSF, as well as the neuronal apoptosis and protein levels of HMGB1 and iNOS in the hippocampus, but did not affect the high levels of IL-10 and IL-6 in the hippocampus. Moreover, edaravone treatment significantly improved the neurological function of mice with mild meningitis. In Nrf2 KO or HO-1 KO mice with the meningitis, edaravone treatment was no longer effective in improving the survival rate of the mice with severe meningitis (20.2% and 53.6%, respectively), nor it affected the protein levels of HMGB1 and iNOS in the hippocampus of the mice with mild meningitis. Conclusion: Edaravone produces neuroprotective actions in a mouse model of pneumococcal meningitis by reducing neuronal apoptosis and HMGB1 and iNOS expression in the hippocampus via the Nrf2/HO-1 pathway. Thus, edaravone may be a promising agent for the treatment of bacterial meningitis.
Introduction
Bacterial meningitis (BM) is a severe infection of the central nervous system (CNS) associated with a high mortality rate and primarily occurs in infants [1, 2] . Streptococcus pneumoniae is the most common pathogen that causes BM [3] . Despite the advances in antimicrobial therapy against BM, up to 50% of BM survivors develop long-term neurofunctional sequelae due to neuronal injury, such as mental retardation, hearing loss, learning and memory impairment and seizures [4] [5] [6] . Some neurofunctional sequelae, such as learning and memory impairment, are correlated with neuronal apoptosis in the hippocampus [7, 8] . Hippocampal apoptosis and cortical necrosis are prominently observed in experimental BM [9, 10] . Inflammation in the meninges and subarachnoid space is typical of BM and substantially drives the pathologic development of BM [11] . During BM, an excessive inflammatory
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Zheng LI, Qian-qian MA, Yan YAN, Feng-dan XU, Xiao-ying ZHANG, Wei-qin ZHOU, Zhi-chun FENG * reaction, including the release of pro-inflammatory cytokines [tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6] and matrix metalloproteinases (MMPs), is largely responsible for brain damage [12] . Damaged cells can send alarm signals, called danger-associated molecular patterns, to activate the immune response; these signals include heat shock proteins, IL-33, and high mobility group box 1 protein (HMGB1) [13, 14] . HMGB1 is a ubiquitous nuclear protein that modulates the activation of the innate immune response [15] . Accumulating knowledge on the contribution of HMGB1 to the pathogenesis of pneumococcal meningitis suggests that HMGB1 acts as a central propagator of inflammation [16] . Moreover, nitric oxide (NO), generated via the conversion of L-arginine to L-citrulline catalyzed by a cluster of isoenzymes named nitric oxide synthases (NOSs), is also a substantial concern during meningitis. Excess production of NO is intimately linked to the interference with cerebrovascular permeability, brain edema, and meningeal inflammation in experimental meningitis [17, 18] . In addition to the inflammatory response, oxidative stress also plays a critical role in the pathophysiologic response in some inflammatory diseases, such as sepsis [19] and pneumococcal meningitis [20] . Currently, many antioxidants have been employed as adjuvant therapies in experimental pneumococcal meningitis because the oxidative damage in the hippocampus and cortex associated with cognitive impairment after CNS infection with S pneumoniae results from the large amount of reactive oxygen species (ROS) produced during pneumococcal meningitis [21, 22] . Edaravone (3-methyl-1-phenyl-2-pyrazolin-5-one), an antioxidant, exhibits strong antioxidant activity by scavenging oxygen free radicals [23] [24] [25] . Several studies have shown that edaravone exhibits neuroprotective effects by attenuating the oxidative damage of vascular endothelial cells and nerve cells through NOS inhibition [26, 27] . In a rat model of acute intracerebral hemorrhage (ICH), edaravone attenuated brain edema and neurological deficits when the treatment was started immediately or 2 h after ICH [28] . Additionally, edaravone noticeably reduced the expression of inflammatory mediators, including TNF-α, IL-1β, and inducible NOS (iNOS), as well as one isoform of NOS, in activated microglia in rats with middle cerebral artery occlusion (MCAO) and in activated BV-2 cells [29] . This result strongly suggests that edaravone has an anti-inflammatory effect on activated microglia [29] . In this current study, we aimed to investigate the effects of edaravone in an infant mouse model of pneumococcal meningitis. We hypothesize that edaravone will protect infant mice from brain damage during BM by reducing the inflammatory reaction in the CNS.
Materials and methods
Infecting organism S pneumoniae ATCC6303 (serotype 3) obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA) was cultured as previously described [30] . Briefly, the bacteria were cultured overnight in 10 mL of brain heart infusion medium, then diluted in fresh medium, and grown for 6-8 h (35 °C, CO 2 5%) to the logarithmic phase. The culture was centrifuged for 10 min at 5000×g and resuspended in sterile saline to the expected concentration for injection. The accuracy of the inoculum size was confirmed by quantitative cultures.
Infant mouse model of pneumococcal meningitis A total of 106 nursing C57BL/6 mice were used throughout the experiments. Nursing C57BL/6 mice purchased from the Shanghai Laboratory Animal Center (Shanghai, China) were infected on postnatal d 11 by a direct intracisternal injection of 10 μL of saline containing a certain inoculum of S pneumoniae, as previously described [30] . Ten C57BL/6 mice were first use to determine the desired concentration of S pneumoniae to induce a mouse model of severe meningitis or mild meningitis. The severity of pneumococcal meningitis was assessed by a clinical score (5=normal activity; 4=reduced ambulation; 3=slow righting (>5 s/<30 s); 2=unable to right; and 1=coma). At 16 h after infection, severe meningitis was quantified as a clinical score ≤2, and eventually caused death within 1 week after S pneumoniae infection; mild meningitis was quantified as a clinical score >3 and did not cause death within 2 weeks after S pneumoniae infection. For the different experiments, the mice were divided into four groups (n=8/group): Sham; Sham+Edaravone; Meningitis; and Meningitis+Edaravone. The Sham group was injected with 10 μL of saline. The Sham+Edaravone group received an intraperitoneal injection of edaravone (Mitsubishi Pharma Corporation, Tokyo, Japan) at a dose of 3 mg/kg body weight once a day for 7 d; edaravone was diluted with saline to a concentration of 3 mg/mL. The Meningitis group received a direct intracisternal injection of 10 μL of saline containing a certain inoculum of S pneumoniae, and the Meningitis+Edaravone group received a direct intracisternal injection of 10 μL of saline containing a certain inoculum of S pneumoniae combined with edaravone for 7 d. The animal protocol was approved by the Committee on the
Ethics of Animal Experiments of Southern Medical University.

White blood cell (WBC) count
Leukocyte counts in the cerebrospinal fluid (CSF) were examined after the animals were infected with S pneumoniae. One microliter of CSF was diluted 1:10 in phosphate-buffered saline (PBS) and then diluted 1:2 in Türk's solution. Leukocyte numbers were recorded in a Neubauer chamber (Poly Labo Paul Block & Cie, Strasbourg, France) using a light microscope.
Measurement of TNF-α, IL-6, and IL-10 concentrations TNF-α levels in the CSF samples were detected using an ELISA kit according to the manufacturer's instructions (Biosource International, Camarillo, CA, USA). Then, the hippocampus was isolated to analyze the levels of IL-6 and IL-10 in each group. The cytokine concentrations in the hippocampus were determined using commercially available enzyme-linked immunosorbent assays as previously described [31] , according to the manufacturer's instructions (Biosource International, Camarillo, CA, USA). 
Quantification of apoptosis
To investigate the effect of edaravone on hippocampal apoptosis, terminal deoxyribonucleotidyl transferase (TdT)-mediated biotin-16-dUTP nick-end labeling (TUNEL assay) was performed as previously described [32] . Hippocampal neuron injury was observed by bright-field microscopy. Apoptotic cell numbers were counted in three high-visual fields for the quantitative assessment of apoptosis as previously described [33] .
Western blotting
Western blotting was performed as previously described. Hippocampal tissues collected from the mice were lysed in buffer containing 25 mmol/L Tris (pH 7.5), 50 mmol/L NaCl, 10 mmol/L EDTA, and protease inhibitors (Roche). Twentyfive micrograms of proteins was subjected to 15% SDS-PAGE, transferred to nitrocellulose membranes (Whatman, Inc, Florham Park, NJ, USA) for 60 min at 100 V and then probed with a chicken anti-HMGB1 antibody (Shino-Test Corp). After incubation with a peroxidase-conjugated secondary antibody, the immunoreactive bands were visualized using an enhanced chemiluminescence kit (GE Lifesciences). After incubation in blocking buffer (Tris-buffered saline containing 150 mmol/L NaCl, 50 mmol/L Tris, and 0.05% Tween-20, pH 7.5) for 1 h at room temperature, the membrane was incubated with specific primary antibodies against Cathepsin K, Bcl-2, Bax, Caspase 3, Caspase 9, and β-actin (Santa Cruz, USA) in blocking buffer overnight at 4 °C and then incubated with secondary antibodies labeled with horseradish peroxidase (HRP), followed by the detection with chemiluminescence (ECL) reagent (Amersham, Buckinghamshire, UK). β-Actin was used as a protein loading control.
Statistical analysis
Statistical analysis was performed using GraphPad Prism software (Prism 6 for Windows, GraphPad Software Inc, San Diego, CA, USA). Comparisons between more than two groups were performed by one-way ANOVA, followed by Tukey's multiple comparison test. Data are presented as the mean±standard deviations (SDs); P<0.05 was considered statistically significant. All experiments were performed three times.
Results
Effects of edaravone on mortality in experimental mice with severe meningitis To assess the effects of edaravone on severe meningitis, Kaplan-Meier curves were used to analyze the survival of mice with severe meningitis from the time of infection to 8 d after infection (Figure 1 ). The mice were divided into 4 groups: Sham, Sham+Edaravone, Meningitis, and Meningitis+Edaravone. There was a significant difference in the survival rate between the sham group (100%) and the meningitis group (32.2%) (P<0.05), as well as between the control meningitis group (32.2%) and the edaravone-treated meningitis group (76.4%)(P<0.05).
Effects of edaravone on the clinical parameters of the experimental mice with mild meningitis As shown in Figure 1 , edaravone induced a dramatic improvement in the survival rate in mice with severe meningitis. We next investigated the effects of edaravone in mice with mild meningitis, which survived for 2 weeks after the S pneumoniae infection. Considering that the mice with mild meningitis slowly exhibited neurological signs of BM within several days after the induction of pneumococcal meningitis, we assessed the clinical neurological deficit score in mice with mild meningitis 14 d after the S pneumoniae infection using a neurological scoring system [34] . The neurological function of mice with mild meningitis was significantly improved after edaravone treatment (Figure 2A, P<0.05) . In addition, a significant difference in body weights was observed between the control meningitis group and the edaravone-treated meningitis group ( Figure 2B, 
P<0.05).
Effects of edaravone on CSF inflammation and cytokine levels in the hippocampus Figure 3A illustrates the effect of edaravone on the number of leukocytes in the CSF 7 d after the induction of mild pneumococcal meningitis. Compared with the control meningitis group, the edaravone-treated meningitis group exhibited a significant decrease in WBCs. Meanwhile, the edaravonetreated meningitis group exhibited a significantly lower level of TNF-α than the control meningitis group (Figure 3B , P<0.05). However, there was no significant difference in the IL-10 and IL-6 levels between the control meningitis group and the edaravone-treated meningitis group ( Figure 3C and  3D) .
Moreover, we investigated the effect of edaravone on the hippocampus tissue in mice suffering from meningitis. The images of neuronal apoptosis in the hippocampus from each group are shown in Figure 4A . Compared with the control meningitis group, a significant decrease in the number of apoptotic neurons was observed in the edaravone-treated 
Effects of edaravone on important proteins involved in hippocampal damage
The HMGB1 level in the hippocampus was examined 7 d after the induction of mild pneumococcal meningitis. Compared with the control meningitis group, the edaravone-treated meningitis group exhibited a significant decrease in HMGB1 (Figure 5A, P<0.05) . Moreover, the hippocampal levels of three NOS isoforms, neuronal NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS), were examined. The edaravonetreated meningitis group exhibited an obvious and significant decrease in iNOS compared with the control meningitis group ( Figure 5B , P<0.05), but no significant changes in eNOS and nNOS were observed among the four groups ( Figure 5C and 5D).
Considering that HMGB1 and iNOS secretion were associated with the nuclear factor (erythroid-derived 2)-like 2 (Nrf2) and heme oxygenase-1 (HO-1) genes [35, 36] , we further investigated the effects of edaravone on HMGB1 and iNOS using Nrf2 KO and HO-1 KO mice models. Eight days after S pneumoniae infection, a significant difference in the survival rate between the meningitis+edaravone group (76.4%) and the meningitis+edaravone+Nrf2 KO group (20.2%), as well as between the meningitis+edaravone group (76.4%) and the meningitis+edaravone+HO-1 KO group (53.6%) was observed ( Figure 6A ). In addition, both the Nrf2 and HO-1 genedeficient mice with meningitis exhibited a significant increase in the HMGB1 and iNOS levels after edaravone treatment ( Figure 6B and 6C, P<0.05).
Discussion
The antioxidant/oxidant status of the CSF in human meningitis has been studied previously [37, 38] . In the present study, we showed the effects of edaravone, an antioxidant, on the survival rate, clinical parameters, leukocyte counts, cytokine levels, and several proteins involved in hippocampal damage in an infant mouse model of pneumococcal meningitis. The terrible survival rate in the severe meningitis group was significantly improved following edaravone treatment, suggesting that edaravone can serve as a new agent for the treatment of meningitis. A previous study has reported that edaravone is effective in ameliorating neurological function and secondary ischemia after ICH [39] . Our data showed that edaravone produced an obvious improvement in the neurological function deficits in a mouse model of meningitis. In addition, a significant beneficial effect of edaravone on weight loss in the mouse model of meningitis was observed in this study.
During pneumococcal meningitis, S pneumoniae regulates CSF homeostasis, the initiation of the host inflammatory response following pneumococcal infection, and the accompanying cytokine production and leukocyte migration into the subarachnoidal space [40, 41] . A significant increase in TNF-α, IL-8 and IL-6 levels has been observed in CSF samples from children with meningitis compared with controls [42] . The cytokines TNF-α, IL-6, and IL-10 are generated after pneumococcal infection, leading to the upregulation of several adhesion factors on the vascular endothelium, which mediate leukocyte flux [43] . The anti-inflammatory cytokine IL-10 also participates in regulating the immune response in pneumococcal meningitis [44] . In our study, edaravone treatment markedly reduced the increased WBC and TNF-α levels observed in the CSF samples of the control meningitis group, but the IL-6 and IL-10 levels did not differ significantly between the hippocampus from the edaravone-treated meningitis group and the control meningitis group, indicating that edaravone had no beneficial effect on the regulation of inflammatory cytokines in the hippocampus after the induction of meningitis.
However, it is well established that hippocampal cells are damaged in the brain during BM [33, 45] . A recent study in a mouse model of acute cerebral infarction revealed that edaravone is capable of promoting neurogenesis following neuronal damage in the hippocampal dentate gyrus [46] . Interestingly, in the present study, neuronal apoptosis in the hippocampus during pneumococcal meningitis was also attenuated by treatment with edaravone, indicating a neuroprotective effect of edaravone on the BM-induced neuronal damage in the hippocampus. Accumulating knowledge regarding the contribution of HMGB1 to the pathogenesis of pneumococcal meningitis suggests that HMGB1 can serve as a central propagator of inflammation [16] . Moreover, two studies have reported the release of HMGB1 into the CSF during acute bacterial meningitis in children [47, 48] . Our results showed that the elevation of HMGB1 in the hippocampus of an infant mouse with pneumococcal meningitis was substantially reduced by edaravone treatment, consistent with a previous report showing that edaravone attenuated the release of HMGB1 in neuronal cells from rats with cerebral infarction [49] . More importantly, a significant increase in iNOS was observed in the hippocampus of the meningitis group, whereas the edaravone treatment significantly reduced the iNOS level, but few changes in eNOS and nNOS levels were detected in the hippocampus of the four groups. iNOS-derived NO not only exhibits antimicrobial effects on some pathogens but also contributes to tissue dam- age in some cases of inflammation or infection [50] . Increased NO has been observed in animal models of BM, as well as in children with this disease [51, 52] . Moreover, emerging evidence has shown that edaravone has a protective effect on cerebral infarction by reducing the serum NOS levels [53] . Here, our data showed a significant decrease in iNOS after edaravone treatment, indicating that edaravone can protect infant mice against hippocampal damage during meningitis by inhibiting iNOS-derived NO production. Currently, the use of KO mice has provided new insights into the role of some cytokines involved in the inflammatory cascade during BM. Enhanced defense and reduced inflammation in IL-18 gene-deficient mice with pneumococcal meningitis suggested that endogenous IL-18 contributes to a disadvantageous inflammatory response [54] . Nrf2 is a critical regulator of the inducible antioxidant response, which has been shown to mediate the expression of some enzymes that provide protection against oxidative stress, thus attenuating cellular injury from oxidative stress induced by some redox insults [55] . Nrf2 also contributes to protection from oxidative stress in sepsis, which represents a disordered innate immune response to pathogens, suggesting a possible link between the cellular redox state and innate immunity in some inflammatory diseases [19] . HO-1, the inducible HO isoform, is a cytoprotective enzyme that catalyzes the conversion of the pro-oxidant heme to carbon monoxide (CO) and biliverdin/ bilirubin. Biliverdin can be converted to bilirubin, a powerful endogenous antioxidant [56] , and biliverdin also has proven anti-inflammatory properties [57] . In an HO-1-deficient mouse model of endotoxemia, Wiesel et al [58] found that the loss of HO-1 resulted in enhanced oxidative stress, further contributing to end-organ injury and death in mice. HO-1 also exhibits anti-inflammatory effects in response to different stimuli, such as nephrotoxic, ischemic, and inflammatory reactions [59, 60] .
More importantly, recent studies have shown that HMGB1 and iNOS release are closely related to the Nrf2 and HO-1 genes [35, 36, 61] ; thus, in this study, the use of Nrf2 KO and HO-1 KO mice models has further increased our understanding of the related pathways by which edaravone exerts its effects on an infant mouse model of pneumococcal meningitis. We found that Nrf2 or HO-1 gene-deficient mice with pneumococcal meningitis showed significantly higher levels of HMGB1 and iNOS after edaravone treatment, in contrast to the lower levels of HMGB1 and iNOS in the edaravone-treated meningitis group, suggesting that the elimination of the Nrf2 or HO-1 genes can cause detrimental outcomes in this disease. These results indicated a crucial role of Nrf2/HO-1 in the regulation of HMGB1 and iNOS during pneumococcal meningitis.
In summary, our results show that edaravone, a free radical scavenger, provides a protective effect against hippocampal damage in an infant mouse model of pneumococcal meningitis by reducing the levels of HMGB1 and iNOS through the Nrf/ HO-1 pathway. Our study suggests that edaravone may serve as a new agent for therapeutic interventions in BM.
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